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Abstract
Alumina (Al2O3) thin films are used in anti-reflection and high reflection mirror coatings from deep
UV to near infrared. The optical, mechanical, and structural properties of films are dependent on the
deposition technique and the desired film performance can be achieved by manipulating the deposition
parameters. Such deposition parameters are substrate temperature, deposition rate, and oxygen partial
pressure. For laser mirror performance applications, it is desirable to optimize the films with regards to laser
damage threshold and film stress. To these ends, this thesis work studies Al2O3 thin films synthesized with
electron beam evaporation technique as a function of oxygen partial pressure. As the oxygen partial pressure
increases the laser damage resistance improves with the film absorption in UV region. At the same time, the
residual stress is observed to shift towards less tensile stress, likely due to water absorption. Additionally, the
study included the optical performance of Al2O3 monolayer films, showing the refractive index decreases
with increasing oxygen pressure.
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THE INFLUENCE OF OXYGEN PARTIAL PRESSURE ON THE
PROPERTIES OF EVAPORATED ALUMINA THIN FILMS
CHAPTER 1
INTRODUCTION
1.1 Background of study
Thin film coating quality on the optical components is essential for high peak power laser
systems. These coatings are fabricated from a stack of multilayer film materials to perform in
transmission or high reflection coating with desired spectral performance to maintain environmental
stability, and longer service life. The high-power laser systems are used in many applications, and
the performance is limited by the thin film coating attributed to laser induced damage. In addition,
the optical coating preparation for a high laser system requires the precision of the individual
material properties with controlling parameters to enhance the anticipated energy density.
Large laser systems like National Ignition Facility (NIF) which is a powerful laser [1] that
operates with multiple optical components to resist the high laser energy density. NIF involves large
aperture optical parts with complex coatings expected to operate above the laser induced damage
threshold. However, the lifetime was limited by the laser induced damage threshold in particular,
NIF transport mirrors [2] are affected by the 351 nm (3𝜔) laser damage. Because of the laser damage
on the optics, about 5% of transport mirrors exchange annually [2]. Modifying the thin film coating
with quality spectral performance and wavefront yield is necessary to mitigate the laser resistance
at 351 nm.
The common materials used for high peak laser application in multilayer mirror coatings
are hafnium dioxide (HfO2) and silicon dioxide (SiO2). However, alumina (Al2O3) has a wide
bandgap which makes an excellent candidate to improve the 3𝜔 laser damage resistance. Also, it
showed high laser damage resisting potential during the damage competition of 355 nm nanosecond
laser mirror thin film at SPIE Laser Damage 2017 [3]. Although, Al2O3 thin film has a medium
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refractive index compared to hafnia and silica, and to succeed high reflectivity in the mirror stacks,
the film thickness increases that lead to mechanical instability, and might fail due to stress.
Since the individual material properties and controlling parameters are essential factors to
preserve the desired spectral performance with high laser damage resistance and low stress. It is
crucial to understand monolayer properties by modifying the deposition parameters. This study is
dedicated to further investigating monolayer Al2O3 thin film properties as a function of oxygen
partial pressure and the impact on laser damage resistance and film stress.
Thesis Organization
Chapter 1 introduces alumina thin film coating, the deposition process, and microstructural
film growth and reviews on the optical and mechanical properties. The experimental details, film
characterization methods, and deposition process are presented in Chapter 2 and Chapter 3,
respectively. Chapter 4 explains the experimental results and findings on optical and chemical
properties of Al2O3 thin film as the oxygen partial pressure increases. The mechanical stress
evolution and the aging effect is described in Chapter 5, with preliminary results to support the
findings. Finally, Chapter 6 concludes and proposes future work along with the application of the
work.

1.2 Reviews on Alumina thin film
Aluminum oxide or alumina (Al2O3) has several outstanding properties for application in
many industries such as optics, microelectronics, machinery, and batteries [4]. For instance, alumina
thin films are used as a wear-resistance coating in cutting tool industry [5- 7] due to their high
hardness, thermal, and chemical stability [7], and as corrosion resistance [6-10] for aluminum metal
by forming oxide layer naturally to avoid further oxidation. In semiconductor fabrications alumina
is used as dielectric gate candidate in metal oxide [10-11], and in microelectronics as optical
waveguide [6] and optical coating applications. In many optical coating applications, alumina is
used as an essential material in the ultraviolet (UV) coating application, antireflection coatings, and
as one of materials for high laser damage systems. Some of the alumina's fundamental properties
are high melting point, high hardness and stability, diffusion and thermal barrier, low thermal
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conductivity, and high electric resistance [4-7,10-12]. Furthermore, Al2O3 has high bandgap, high
transparency down UV, low absorption, medium refractive index, and diffusion barrier properties
[13,14].
Aluminum oxide has various metastable phases, many of which are controlled by substrate
temperature and pressure during growth. Some of these common phases determined by temperature
are the γ, η, θ, δ and α [5, 7,11-12] states. At low substrate temperatures, thermal amorphous alumina
is observed [5-7,10-11]. In some studies, the substrate temperature up to 600 or 800 ℃ can still grow
amorphous alumina. In e-beam evaporation, the deposition itself does not succeed in holding the
substrate temperature high enough to form a crystallized film. The properties of alumina are
connected to the crystalline phase for example, amorphous alumina has low hardness and low
chemical stability than the other phases [8]. Furthermore, the different alumina phases can be
affected by various parameters such as deposition technique, substrate temperature, oxygen flow
[12], and annealing process after deposition to complete crystallization.

1.3 Evaporated thin film deposition process and thin-film growth
Many techniques are used to grow alumina thin films by physical or chemical vapor
deposition. Such as electron beam evaporation [6-7,10,15], pulsed laser deposition [11], ion-assisted
deposition [16], magnetron sputtering [17], ion beam sputtering, atomic layer deposition [4], and
spray pyrolysis [10] are some to mention. Evaporation deposition is a physical process where a
material evaporates due to a thermal or electron beam heating source and condenses on a substrate
in a high vacuum environment. The electron beam evaporation technique is used in many
applications because it is relatively simple and easy to use, cost-effective [14,17], favorable for high
power pulsed laser system application

and more controllable on film structure and deposition

condition [18,19].
Film deposition is performed in a high vacuum chamber to reduce the mean free path of
the evaporated material. Evaporation occurs by using different heat sources, one of the sources is
electron beam gun. It has a capacity to heat high temperature evaporation by using water cooling
copper e-gun to regulate the melting and evaporation [14]. It works with high current applied to
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filament to emit electrons which accelerate by using high voltage to the evaporating material. High
power magnetic field is used to guide the electrons in a beam form to the source. For some oxide
materials that evaporate as a compound, there is a probability to have a difference in their vapor
pressure that might dissociate partially, completely, or not at all [17]. This leads the film to have
either lower oxide, non-stoichiometric, or the same material as the evaporant. For this reason, it is
necessary to consider the addition of oxygen to grow a stoichiometric thin film.
The deposition condition plays an immense role in the quality of the film; some of the
controlling parameters for the evaporated films are deposition rate, substrate temperature, and
backfill pressure. Moreover, the structure of a film depends on the parameters of substrate
temperature and deposition rate, which substrate temperature plays a significant role in adatom
mobility and the condensation's speed process on the surface [11,14]. The structural development
of evaporated atoms and molecules adsorb to the substrate's surface is explained later in this chapter.
These parameters can determine the film's packing density, microstructure, stoichiometry, and
crystal structure. For instance, the evaporation technique is a low energy deposition that can enhance
porous microstructure with less packing density and hence higher thin film absorption [11]. The
evaporated atoms or molecules possess relatively low kinetic energy, which means less mobility
when they arrive at the substrate. Based on the application, the surface mobility and density of film
can be modified by using ion assisted deposition with the evaporated material. These properties
determine the film quality as a factor of optical, mechanical, and electrical behaviors. However, in
this research, the main focus is on optical and mechanical properties.

1.4 Film structure development
The thin-film structure growth starts from the vapor atoms arriving at the substrate and
some adsorbing to the surface and some particles diffuse due to the attraction force from substrate
[17,20-21]. During the nucleation phase, the adsorbed molecules start to bond with each other and
grow to small islands. Nucleation in vapor depositions is usually heterogeneous [21]. Then the small
islands close to each other and bond to form coalescence. Two small islands might create a grain
boundary during coalescence formation when bonding or continuous boundary-free islands [21].
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The film thickness increases to have a structure or morphology [17]. The morphology of a growing
film depends on how atoms arrive and interact with the substrate. For this reason, the diffusion of
adatoms is determined by the energy of the deposited material and substrate temperature.
The relation of the melting temperature of a material (𝑇! ) to substrate temperature (𝑇" ) is
demonstrated in the structural zone model (SZM) as shown in Figure 1.1. When substrate
temperature increases, the mobility of adatoms and density of film also increases. There are three
film structure zones; Zone 1 has a low substrate temperature compared to the material melting
temperature. Most likely, the adatoms stay where they adsorb due to weak surface mobility and
leave voids during growth. The film resulted in a porous and less dense rough surface of low
crystalline or amorphous structure [17,21]. Zone T has higher mobility than Zone 1, and the
columnar structure is quite dense with the absence of voids. Since the substrate temperature
increases, the adatoms experience surface diffusion. When the temperature rises even more, the film
undergoes denser and crystalline structure of Zone 2. As 𝑇" rises, bulk diffusion begins to play a
larger role when compared to the surface diffusion due to considerable activation energy [14,16,2122].

Figure 1.1 Schematically representation of the structural growth in SZM, the increase 𝑇" /𝑇!
on the film structure transformations from porous or rich in voids to denser and crystallized
film [22]

1.5 The partial pressure of oxygen on optical properties
Many studies showed the influence of the partial pressure of oxygen on oxide thin films
such as Al2O3 [15,18], ZrO2 [23], TiO2 [24], SiO2 [25], and HfO2 [14]. Oxygen partial pressure is a
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vital deposition parameter for controlling the optical, mechanical, and structural properties of an
oxide film [18,23-24]. The inclusion of oxygen has two main effects on growing film, it maintains
the stoichiometry of oxide film by supplying extra oxygen; and meantime, it lowers the kinetic
energy of arriving molecules due to higher pressure shortens mean free path. The dissociating
oxygen from compound material or pure element oxidizes during evaporation [14,17]. When the
backfill pressure increases, the collision of the evaporated atoms in the gas phase increases, and the
mean free path becomes shorter. The mean free path (MFP) is a particle's travel before colliding
with another particle [15]. The atoms lose energy due to collision and arrive on the substrate with
less kinetic energy [23,24]. For this reason, the surface diffusion of adatoms reduces, and the film
becomes porous. The film grows with voids and columnar microstructure [15].
The porosity of film relates to the decrease in MFP due to the collisions of gas molecules before
arriving at the surface. The porosity of the film influences the packing density of the film and other
properties that correlate such as spectral shift, refractive index, optical absorption, residual stress,
and laser-induced damage [23,24]. The stoichiometry of the oxide film deposited with different
pressure shows different oxygen content [24]. Therefore, to overcome the targeted backfill pressure,
it is necessary to consider the oxygen flow rate.

1.5.1 Refractive index of thin film
One crucial factor affected by the film growth and deposition process is the refractive
index. It is essential to know the exact refractive index of material when applied to multilayer films.
Different deposition processes show various indexes because of the film morphology and to the
point that the refractive index is different from the bulk material [15]. The evaporated film
morphology or density is determined by the thermalization property of the evaporated material. In
other words, all the evaporated atoms and molecules do not reach the growing film equally due to
collisions of the particles with each other after some distance. The shorter the MFP enhances the
film's porosity that directly affects the refractive index associated with the packing density.
Al2O3 is known for having a moderate refractive index [14] compared to other thin film
materials and varies depending on the deposition technique and substrate temperature. The higher
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indices are achieved by adjusting the parameters such as deposition rate, oxygen flow rate, and
partial pressure [15,18]. The energy assisted deposition methods with high substrate temperature
exhibit maximum refractive indices [26]. In some cases of alumina deposited with high substrate
temperature has a crystalline microstructure. The optical property as a function of oxygen partial
pressure changes in the refractive index because of the increase in crystallite size, high packing
density, and temperature rise [5, 26]. Overall, the refractive index of a film depends on deposition
methods and structural growth attributed to the stoichiometry and uniformity of the film.

1.5.2 Water absorption
The stability of a coating depends on the microstructure of the thin film. The film deposited
by electron beam evaporation is porous, where the films are more sensitive to humidity. The change
in the atmosphere from the vacuum to the air causes spectral change and affects the film stress. The
spectral shift is dependent on film density and the moisture content of the film. Likewise, electric
field intensity [27] distribution is affected by spectral shift which reduces the laser resistance. Since
the deposition temperature relates to surface mobility and film density when the film thickness
increases, it controls the amount of water absorbed. Alumina thin film deposited by low substrate
temperature may contain more water in micro voids than a high-temperature deposition [16]. Film
growth with high substrate temperature has higher surface diffusion for atoms or molecules adsorb
and finds more active sites [17] that reduce the number of voids created during film growth.
The change in vacuum to ambient air has shown a significant effect on porous SiO2 film
synthesized using different backfill pressure during evaporated deposition. The micro-cracks on the
film absorbed water vapor molecules from the atmosphere that induced the change in residual stress
[26]. Materials like alumina are used as a barrier layer to prevent unwanted moisture or absorption
of water that alter the mechanical property of the film [14].

1.5.3 Laser-induced damage threshold
The high-energy applications require an optical coating capable of resisting high laser
radiation. A coating performance depends on the preparation of the film, deposition technique,
coating, and substrate material, and is correlated to a well-defined optical constant [28-30]. The
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laser-induced damage threshold (LIDT) limits the optical coating to withstand the highest power
density energy repeatedly irradiating on the same site without causing damage on the surface. A
film with low antireflection and high reflectance mirror coatings used for high power laser systems.
Based on deposition techniques, the laser damage resistance changes for different laser wavelengths.
Deposition techniques like electron beam evaporation are broadly used for high laser system optical
coatings [14], mainly for 1μm wavelength [29]. The coating resistance to the high laser power
correlates with the optical absorption [23, 28].
The optical coatings are limited to enhance the high output power due to failures caused
by absorption of substrate, film interaction with the substrate or air [23, 28-29]. Optical coatings
with higher absorption have a low laser damage threshold. The absorbed energy generates localized
heat that initiates damage or leads the coating to catastrophic failure. Antireflection coatings
transmit most of the energy to the substrate affected by the bulk surface absorption and material
type [30]. Meanwhile, the LIDT of highly reflective coating is affected by the substrate's surface
finish, such as surface roughness. Furthermore, damage can be caused by contamination during
deposition and substrate preparation which is broadly studied to improve the LIDT [29-30]. The
substrate's cleanliness is essential to avoid the contamination caused on the surface and segregate
into the film.
Deposition parameters like substrate temperature, deposition rate, and oxygen partial
pressure are components that influence LIDT in evaporated film [23, 29- 32]. Modifying the
parameters changes the film structure that leads to the change in refractive index, stoichiometry, and
porosity of the structure that affects the damage threshold [29, 32]. The e-beam evaporation of oxide
film deposited with a high partial pressure of oxygen has higher LIDT than the film deposited by
low backfill [32]. At some point, the high oxygen content creates stoichiometric film, and the
contribution of porosity for less absorption and low packing density improves the LIDT [14, 24].
In general, the multilayer coating design for a high laser system needs to consider a laser
resistance material and deposition condition to meet the spectral requirement [29]. In some
applications atomic layer deposition or ion beam sputtering multilayer films the residual stress,
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absorption and band gap energy of a coated material determine the capability of laser resistance
[28].

1.5.4 Residual stress and aging
The residual stress in the thin film can be detrimental to the optical coating's application
and stability. The presence of excessive residual stress leads to failure and the distortion of the
wavefront, which causes the spectral shift. The high presence of tensile stress leads the film to crack,
and excessive compressive stress causes delamination. The origin of residual stress results from
deposition undergoing film growth, grain growth, crystallization, and phase transformation [17, 25].
Likewise, the introduction of impurities during or after film growth, and adsorption or desorption
of moisture [17], are the other factors. The evaporated coating usually enhances tensile residual
stress as the result of densification, porous microstructure, and grain growth [12, 14, 25]. An
evaporated film, with ion assisted growth forms a denser film and leads to compressive stress. The
initial film stress starts at the beginning of film growth of nucleation, coalescence, and
crystallization when the thickness increases.
The film under the state of residual stress causes the substrate slightly bends due to the
rigid bond at the film's interference and substrate [17, 25].

Compressive (-)

Film

Tensile (+)
Substrate

Figure 1.2 Schematic description of thin film under residual stress and the resulting substrate
curvature. An expanded film develops compressive stress has negative sign and a film tends
to contract develops tensile stress has positive sign.
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The residual stress (𝜎) in thin film determined by using the well-known Stoney's equation (1)[14,
26].
! "

𝜎 = #(%&'# #)"
#

$)

(1)

Where 𝐸" is Young's modulus of the substrate, 𝜈" is Poisson's ratio of the substrate, 𝑅 is the radius
of curvature of the substrate, 𝑡" and 𝑡% are substrate and film thickness, respectively. Stoney's
equation is applied based on the assumptions of 𝑡% << 𝑡" .
The total residual stress in the evaporated film combines intrinsic, thermal, and extrinsic
stress. Intrinsic or growth stress is inducing from the film growth and the microstructure change
during deposition [14, 25-26]. The intrinsic stress may produce tensile or compressive stress
depending on deposited material, substrate temperature, and deposition parameters [17, 25]. In the
porous film, tensile stress is expected because of the island coalescence, voids, and annihilation [17,
33]. During the process of film growth with low surface mobility and temperature, islands aimlessly
order and leave voids. The microstructural evolution of film growth from Z1 exhibited intrinsic
stress with less tensile due to the micro voids. Simultaneously, the density of film increases on ZT
and Z2 structure micro voids diligently compact by the atomic attraction [33] as shown in Figure
1.1 of SZM. Therefore, the tensile stress is a result of the tensile-strained bond developed between
the islands [14, 25, 33]. Also, tensile stress is formed by recrystallization and grain growth [25, 33].
The compressive stress is more seen in the film of ion assisted than the electron beam evaporated
film [19, 33].
Thermal stress (σ therm) arises from the difference between the coating film and the substrate
thermal expansion coefficient [14, 17, 34]. The resulting thermal stress depends on the temperature
change from deposition to measurement:
𝜎&'()! = 𝑌% (𝛼% − 𝛼" )𝑇

(2)

Where, 𝑌% is Biaxial modulus of the film (𝐸% /(1 − 𝜈% )), 𝛼% and 𝛼" are the thermal expansion
coefficient of film and substrate, respectively, and change in temperature 𝑇 = 𝑇* − 𝑇!(+" where,
𝑇* and 𝑇!(+" represent the temperature during deposition and at measurement, respectively [19,
25]. Thin film materials of biaxial modulus and thermal expansion coefficient have different values
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than bulk material because of the crystalline microstructure and morphology [26, 33]. The substrate
temperature during deposition has a direct impact on thermal stress. The magnitude of stress, either
tensile or compressive, is determined by the difference of film to substrate thermal expansion
coefficient with the temperature change. When the thermal expansion coefficient of the substrate is
greater than the film the stress becomes compressive while the reverse gives tensile stress.
The external load or environmental change induces extrinsic stress (σext). The porous
microstructure of electron beam evaporation films is sensitive to humidity; the changeover of the
atmosphere from vacuum to air absorbs water molecules in voids. Air exposure is the initial stage
of water-induced extrinsic stress that corresponds to the physical adsorption [26, 34-35]. The
absorbed water changes the film density [14], and the repulsion of the permanent dipole moment
[26, 35] created by the water molecule drives the film to compressive [14, 26]. This residual stress
is reversible when heat is applied, or with the annealing process, the absorbed water will be removed.
Furthermore, the extrinsic stress might be generated by the chemical reaction of water
molecules with the deposited material during air exposure explained elsewhere [35]. The reason for
the evaporated film's instability is the change in mechanical property due to adsorbed moisture and
exposure time. Oxide films like SiO2 have shown a significant effect on the residual stress because
of moisture and aging time [26, 34-35]. Water-induced stress has a linear relation with increased
aging time. In evaporated SiO2 films, a residual stress is shifted from compressive to tensile has been
explained by water molecule dissociation and sharing electrons with silicon [35].

1.6 Summary
The optical thin film is a limiting factor for high peak laser power system application.
However, there are potentials to mitigate the laser damage resistance by studying the individual thin
film materials properties and modifying the deposition parameters. The properties of Al2O3 thin film
deposited with electron beam evaporation has shown a good LIDT in multilayer films. Among the
controlling parameters, oxygen partial pressure affects the deposition process and film growth. Also,
there are many considerations to account for e-beam evaporated film, the refractive index,
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environmental effect on mechanical properties, and the stoichiometry of the film are highly
dependent on film growth and microstructure.
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CHAPTER 2
EXPERIMENTAL TECHNIQUES
This chapter discusses the experimental techniques used to characterize the evaporated
alumina thin film. The optical spectrum, absorption, and film stress measurements were conducted
at Optimax systems while the laser damage testing was sent to SPICA technologies. Additionally,
the topography and film density were performed at the Rochester Institute of Technology. Also, the
composition of the film was analyzed using Rutherford Backscattering spectroscopy (RBS) at the
State University of New York (SUNY) Polytechnic.

2.1 Spectrophotometer
The spectrophotometer is a device used to characterize the optical thin film properties in
terms of transmission or reflection covering the range of UV, visible, and mid-IR. It contains
components of light source, optical devices or monochromators, sample holder, and detector. The
monochromator directs a selected wavelength through the adjusted slit using a prism to disperse the
light or diffraction grating. The light beam can follow a single fixed path by measuring the intensity
with and without the sample. The double path compares the intensity of the light passing to the
reference and sample.
PerkinElmer Lambda 1050 and 900 spectrophotometers were used to characterize the
optical thin film in terms of reflectance and transmittance, respectively. Both the spectrophotometers
used a dual-beam path. The fused silica reflection and transmission samples were scanned on a range
of 185-800 nm wavelength. The equipment contained deuterium and tungsten halogen lamps to
cover the wavelength of 185-320 nm and 320-800 nm, respectively. The spectrophotometer
wavelength was calibrated with a holmium oxide filter with a resolution of 0.5 nm.
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2.2 IR Spectrophotometer
Infrared spectroscopy is a technique used to determine the relation of structure and
spectrum. It has been used in many research types to investigate and identify the specific materials
in a sample [24-25, 27]. The movement of molecules to stretch and bend is limited to a particular
frequency [36]. The infrared spectrum deals with the absorption of electromagnetic radiation that
matches specific molecule frequency in the structure. Therefore, the absorbed light allows the
molecules to excite the next energy level of vibrational mode in corresponding frequency. That
creates a strong, sharp, or broad peak which is identified as a specific functional group, and only
some can absorb or transmit the radiation.
The Perkin Elmer 983 infrared spectrophotometer has been used as a standard in industries
for years [37]. To determine the absorbance of optical coating, the accuracy and reproducibility of
the instrument are essential. PerkinElmer 983 spectrophotometer checked the transmittance
accuracy by measuring and comparing germanium substrate. Ge substrate measures ~48%
transmission from 2-12 μm [37].
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2.2

3.2
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Figure 2.1 A 2 mm thick Ge substrate transmission measured on PerkinElmer 983 IR
spectrophotometer.
For this experiment, a germanium (Ge) substrate with 1-2 mm thickness was used and measured the
transmittance spectra in the IR region after coating the sample. The higher the absorbance intensity
is identified from the lower transmittance spectrum.
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The humidity during measurement was 45% and temperature of 68 ℉. The germanium
transmission substrate measured a spectral range of 2-4.2 μm. All the samples were measured within
2 hours after the chamber vented and data was collected continuously as a function of time. All
samples were stored in dry box of average humidity 15% and temperature of 68 ℉ after every
measurement.

2.3 Photothermal common-path interferometer
Thermal lensing is the commonly used technique for determining the absorption in parts
per millions (ppm). Recently the photothermal common-path interferometer (PCI) [38-39]
developed by Stanford Photo-Thermal Solution has been used worldwide. This technique is based
on a pump-probe beam set up characterizing optical coating and substrate absorption. The pump
beam is a strong continuous wave (CW) laser which determines the absorption wavelength while
the probe beam is weak [38]. For this experiment 355 nm pump laser and 632.6 HeNe probe beam
was used with the set up as shown in Figure 2.2. The measuring optic goes through local heating
from a pump beam, while the thin film experiences the temperature change and diffuses to the
substrate. This phenomenon creates the change in refractive index sensed by the probe beam on the
surface.
For better sensitivity the pump beam is chopped with a specific frequency in our case 390
Hz to periodically heat the sample with 70 microns of (Gaussian) beam diameter, the distortion of
the probe beam starts on the surface with small perturbation [38]. The probe beam changes the
profile phase due to thermal lensing into amplitude contrast [38-39]. These signals are detected by
the silicon photodetector averaging current DC and AC to define photothermal modulation depth.
The detected phase and amplitude processed by the dual channel lock-in amplifier to generate AC
signal that characterizes the absorption value.
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Figure 2.2 Set up for 355 nm wavelength pump laser alignment with 632.8 nm HeNe probe
laser cross over the testing sample.
Calibration for the pump laser of the system for surface absorption using a transmission
detector on a standard piece was conducted before measurement. Ultra- visible fused silica
transmission substrate was used to determine the absorption loss of film for different oxygen partial
pressure runs. The photothermal common path interferometer was operated with the average pump
power of 60 mW. Total of 10 data collected in different spots of the sample and timeline.

2.4 Laser Induced Damage Testing
The laser damage threshold is determined by continuously irradiating the testing sample
with different fluences until damage initiated on the site. There are two most used test protocols
based on the setting and irradiance repetition, ISO standard and raster scanning developed by
Lawrence Livermore National Laboratory. ISO standard test performed on around 10 sites with
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highest fluence and irradiating with single or multiple spots until it fails. Each increased in fluence
test on the new site on standard measurement, while on raster scanning each spot experiences the
fluence. The raster scanning was used to characterize Al2O3 thin film laser damage resistance.
The testing protocol MEL01-013-0D, described by Borden [40] was used for damage
testing at Spica Technologies [41]. The laser damage test employed Q-switched 351 nm Nd: YAG
(Neodymium doped in yttrium aluminum garnet) laser with pulse duration of 3 ns, and fixed
repetition rate of 10 Hz. The damage was detected by a scatter signal from the Helium Neon laser
probe beam which is aligned with the 351 nm laser on the test sample. Any change in scatter level
is monitored and detected with a CCD camera [40]. The damage site was confirmed by detecting
the physical change on the Nomarski microscope.
The testing procedure follows raster scanning of 1cm2 area with a laser fluence irradiating
around 2400 test sites. The irradiation employed by the approximately 600 μm diameter of
Gaussians beam is measured at 1/e2. The 90% of pulse beam diameter overlaps to cover the test area
with uniform intensity [40]. The fluence is expressed in J/cm2 (joules per centimeter square) where
the scan started at 0.5 J/cm2, if there is no damage detected, the fluence increased with 0.5 J/cm2
increment over the same scanning area until the damage was confirmed. The laser damage threshold
was taken from the highest fluence before the first damage was detected on the sample.
A fused silica 2-inch sample super polished was bathed and cleaned for laser damage
testing before coat. After completing all depositions, the samples were placed in a clean package to
avoid surface contamination and stored in a dry box.

2.5 Nexview Interferometer
The easiest and common method to measure film stress is by measuring the radius of
curvature of a flat surface and evaluating the bending due to the coating. This method is
advantageous for this experiment due to continuous measurement as a function of time and for most
convenience. The Nexview interferometer developed by Zygo was used in this experiment to
measure the curvature of coated surface to compare with uncoated. Nexview interferometer uses
white light to pass through beam splitter, one for reference surface and the other for the sample
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which reflects to the detector. The interference pattern created by reference and sample reflection
forms a fringe that characterizes the surface of the sample.

Figure 2.2 Zygo Nexview and three-point ball mount positioned 120° apart to support the
sample and to reduce the distortion caused by gravity [14]
Nexview white light interferometer was used for measurement of a 1.4x objective with
12.15 × 12.15 mm field of view. The 0.25 ± 0.05 mm fused silica wafers were used during deposition
to measure the flatness of the substrate. The thickness of the substrate was confirmed using a digital
micrometer. The curvature of each wafer was measured before coating and subtracted the effect of
the film after deposition. The substrate and film thickness give the uncertainty of measurement of
stress +/- 10 MPa. To avoid errors caused by the interferometric phase the uncoated side of the
substrate was measured. Aging effect on the film stress was recorded by the change in radius of
curvature of surface an hour after the chamber venting and continuously for about 100 days. All the
samples are stored in dry box after measurement.
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Figure 2.3 Mx Zygo’s software to control the instrument and the data analysis, fringes with
dark black circle and light gray showed the sample on focus

2.6 Rutherford Backscattering Spectroscopy RBS
Rutherford backscattering spectroscopy is a powerful method used for analyzing thin film
layers near the surface. It characterizes a thin film’s surface composition and contamination, and
thickness, and depth resolution of the sample. It is non-destructive and measured accurate qualitative
data without reference samples. Also, it has high detection for light materials and less sensitivity for
heavy elements. RBS is a technique that uses high energy in MeV accelerator, usually alpha particle
He2+ ion directed to the target sample in the and the backscattered energy recorded with the detector.
RBS analyzes the backscattered Helium ion energy loss which depends on the mass of the target
atom and the depth of the collision occurs [43].
The chemical composition and stoichiometry of the alumina film was analyzed on RBS, to
avoid artifacts from other methods and to get accurate qualitative results. A 500 nm thick alumina
film was deposited on silicon wafer with crystal orientation of (100) for each backfill pressure. The
samples were sent to State University of New York (SUNY) Polytechnique Institute for RBS
analysis.
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2.7 Atomic Force Microscopy AFM
AFM is a type of scanning probe microscopy [44] helps to understand the topography
surface of a sample by imaging the surface structure with high resolution and accuracy. AFM uses
a sharp probe attached to a cantilever to scan over the sample. Furthermore, it can be used to
determine the mechanical properties of a sample by measuring force. The probe is usually made of
silicon or silicon nitride with a diameter of a few nanometers. Based on the probe motion the imaging
mode can be described as contact, tapping, or non- contact mode. For this experiment a tapping
mode is used in which the probe taps the surface while raster scanning on the sample. The laser light
is focused on the oscillating tip on the surface and the light reflected back to the detector to measure
the deflection of the cantilever.
The morphology of Al2O3 thin films was studied on Bruker’s AFM MultiMode 8 to
determine the surface roughness and grain size differences between the sample. Fused silica samples
were prepared suitable for the equipment with 1×1 cm.

2.8 X-Ray Reflectivity (XRR)
X-ray reflectivity is a technique used to study the structural properties of thin film in detail.
It can be used for both crystalline and amorphous materials to determine film thickness, density, and
roughness. X-rays applied at incident angle to the surface of the sample and measured the reflection
at or below critical angle. The analysis of the result gives an X-ray reflectivity curve to obtain the
density of the film from the critical angle. The period of intensity oscillation appeared after critical
angle measures the thickness of the film. While the roughness of the surface will be determined
from the rapidity of periodic oscillation intensity fall off.
The single layer Al2O3 deposited on Ge (100) substrate x-ray reflectivity was studied on
Bruker D8 advance diffractometer (Figure 2.4), a Cu tube source was used with optics in high
resolution. In addition, to increase the dynamic range attenuations filters were used for reflectivity.
For measurement purposes 50 nm film thickness was deposited for each backfill pressure.
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Detector

X-ray source

Sample stage

Figure 2.4 Inside Bruker D8 Advance X-ray diffractometer, when the source and detector at
an angle of 180º
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CHAPTER 3
MATERIAL AND DEPOSITION PROCESS
3.1 Materials
A granular aluminum oxide (Al2O3) material of 1-5 mm pieces of a single crystal sapphire
with 99.99% purity from Materion was used for thin film deposition. The melting point of alumina
is 2020 ℃ and evaporation temperature is 2100 ℃ [45]. Ultra-high purity grade oxygen was used
in the chamber to blend with alumina.

Figure 3.1 Materion, granular aluminum oxide

3.2 Alumina thin film deposition procedure
All thin-film depositions were conducted in Optimax systems Inc. The processes were
performed in a Buhler Leybold vacuum chamber, with a base pressure held below 1 x 10-5 Torr and
obtained through cryogenic pumping. The vacuum system took an average of 2 hours to reach the
working pressure after the samples were loaded and pumped down. The vacuum chamber was kept
at a constant 200 ℃ using ceramic heater plates with 15 kilowatts to maintain the substrate
temperature during deposition. The system used calibrated ion gauge and thermocouple to measure
the high vacuum pressure and temperature in the chamber, respectively. Pieces of granular
aluminum oxide were placed on the water-cooling copper crucible as shown on Figure 3.3, where
an electron beam gun locally heated the material up to 8 keV. The electron beam heats the material
with a specific pattern of constant sweep area for thermal stability and controls the deposition rate.
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Rotating planetary

QCM

Cryopump ports

Substrate heaters

E-gun

Figure 3.2 Inside Leybold electron beam and ion-assisted evaporation chamber with two
continuous and multi-pocket copper e-guns, Ceramic plate substrate heater system, rotating
planetary holding substrate, cryopump ports and crystal quartz monitor.

Oxygen gas outlet

Figure 3.3 Multi-pocket copper e-gun prepared with alumina granular material and backfill
pressure gas outlet

23

During the evaporation of Al2O3 material leaving the electron gun, oxygen dissociates from
the material [18] in a vacuum before arriving at the substrate. The stoichiometry and oxygen loss
were compensated [18, 20] by introducing ultra-pure oxygen gas in the vacuum chamber. The
evaporated Al2O3 blended with oxygen gas released close to the material and condensed on the
substrate held by the rotating planetary. The planetary rotates continuously to ensure uniformity of
the film deposition over the aperture of the substrate. The e-gun source to the substrate was 109 cm
for all processes. The oxygen flow for each process was adjusted to match the selected backfill
pressure. The film thickness was monitored in situ by a water-cooled quartz crystalline monitor
(QCM). QCM is a device that measures the film thickness in Angstroms by tracking the change in
frequency due to mass deposited on the crystal. Before the substrate loads in the chamber, they were
cleaned with microfiber lens wipes and methanol. The samples were labeled and put in the tool after
being checked under inspection light. There were five runs in total for different backfill pressure.
Table 3.1 Sample description with deposition parameters with a corresponding backfill
pressure.
Average

Average

Backfill pressure

Oxygen

(Torr)

(SCCM)

(mA)

0

162

6

170

-4

0 × 10

1 × 10-4
-4

1.5 × 10

Flow

gun

14

165

-4

2 × 10

25

186

3 × 10-4

41

186

E-

current

This experiment was focused on the increasing oxygen partial pressure and the impact on the film
properties of Al2O3. Therefore, the deposition rate, substrate temperature and film thickness were
kept the same for all processes. The average deposition rate of 1.5 Å/sec and substrate temperature
of 200℃ was used for all runs.
Typically, a single layer alumina of 200 nm thick was deposited on a 50.8 mm diameter,
0.25 mm thick fused silica wafer glass substrate for flatness measurement. A 25.4 mm diameter
germanium substrate was used for infrared spectrum measurement due to its high transmittance in
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infrared wavelength. Reflectance and transmittance spectra were conducted on 25.4 mm diameter
fused silica substrates. A 50.8 mm diameter fused silica with a super polished surface finish was
prepared for laser damage testing. The deposition time for the material to leave the source and
condense on the substrate for 200 nm thickness was an average of 22 minutes 25 ± 10 sec for all
depositions. For accuracy purposes and measurement capability of equipment’s different
thicknesses of film deposited. A 500 nm alumina on Si (100) substrate was used to determine the
composition of the film while a 50 nm thick layer deposited on Ge (100) for X-ray refractive
analysis.
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CHAPTER 4
RESULTS AND ANALYSIS: OPTICAL AND CHEMICAL PROPERTIES
This chapter discusses the experimental observations of evaporated Al2O3 thin film
deposited at five different oxygen partial pressures. The optical properties, such as transmittance,
refractive index, IR spectra, film absorption, and UV laser induced damage threshold are included.
Since optimizing the deposition parameters may change the chemical, mechanical, and optical
properties of the film. The chemical composition was analyzed on RBS, and the structural
characterization was determined with the help of atomic force microscopy (AFM) and X-ray
reflectivity (XRR).

4.1 Transmission spectra
The optical transmission of different backfill pressures of Al2O3 on UV grade fused silica
was measured on lambda 900 from 185 to 800 nm wavelength range. As shown in Figure 4.1, the
transmittance below 300 nm has a significant difference between no backfill (0 ×10 -4 Torr) and the
film deposited at different partial pressures within the measurement uncertainty. The UV region
spectra for films deposited at the partial pressure from 1-3 × 10

-4

Torr have higher transmittance

and slight spectral shift. Specifically, down to the UVC region at 240 nm, the films deposited with
controlled oxygen showed about a 5 % increase for those deposited with no oxygen partial pressure.
For films deposited with 1.5, 2, and 3 × 10-4 Torr have nearly similar transmission above 200 nm;
after ~ 550 nm, all the films are almost equivalent to the bare substrate transmission.
The transmittance difference for lower pressure is an indication of variation in the
refractive index. The lower the transmittance, the higher the refractive index. Furthermore, a film
deposited at no backfill pressure has a higher loss than those used oxygen flows.
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Figure 4.1 Transmission spectra of Al2O3 films on UV fused silica substrate

4.2 Refractive Index
The refractive index of the films was employed from Optilayer thin film software [46]
using the transmission spectra. The software used a Cauchy's normal dispersion model to calculate
refractive index, as demonstrated in Figure 4.2. The reduction in refractive index was observed when
oxygen partial pressure increased. Even though the trend follows the decreasing refractive index,
the film deposited at 1.5 × 10-4 Torr has a lower index than film deposited at 2 × 10-4 Torr, which
might contribute to measurement errors. However, the transmission spectra relationship with the
refractive index expresses the lower transmittance has a higher refractive index. The following
trends of decreasing refractive index with increasing backfill pressure have been observed in other
oxide materials, including alumina studied under the influence of oxygen pressure [20].
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Figure 4.2 Refractive index of Al2O3 deposited at a different oxygen pressure
The reduction in the refractive index might correspond with the decrease in the packing
density of the film. Based on D. Mergel and M.Jerman [47], the refractive index has a linear
relationship with the packing density. In addition, many evaporated films are observed to have lower
packing density when the partial pressure increases. Furthermore, as a function of oxygen pressure,
many oxide materials agreed that the reduction of packing density was one of the reasons for the
lower refractive index [20, 23-24]. When backfill pressure increases, the mean free path becomes
shorter due to the collision between evaporated material, leading the molecules to lose some of the
kinetic energy that limits the mobility on the substrate. For this reason, the films deposited with
higher pressure have low packing density and porous film. According to R. Shakouri (2015) [20],
the refractive index of Al2O3 film grown with constant deposition rate has a lower value for higher
oxygen flow rate, similarly agreed with the increase of transmission spectra.
Films deposited with different techniques give different refractive indexes and vary from
the bulk substrate. Various techniques from different film microstructures; for example, high
substrate temperature or oxygen ion-assisted films have a higher refractive index [11] due to high
packing density. Other methods used to create an amorphous Al2O3 with the refractive index at 550
nm were found between 1.50 -1.67 [9]. In this experiment, the results employed from Optilayer
software showed a film deposited at 0 × 10-4 Torr has a refractive index of 1.65 reduced to 1.58
when oxygen partial pressure increases to 3 × 10-4 Torr at 550 nm wavelength.
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4.3 IR spectrum
The infrared transmittance of Al2O3 thin film at different backfill pressure was illustrated
in Figure 4.3. The IR spectrum was measured in a range of 2200 - 4200 nm and from 5000 - 14000
nm. The water absorption band related to the peak in the infrared spectrum is identified under the
hydroxyl group (-OH) stretching vibrational mode, which lies in the range of 3570 - 3200 cm-1
[10,13,48] with the equivalent wavelength of 2800 - 3125 nm. The absorbance (A) has a logarithmic
relation with transmittance (T) as expressed using Beer-Lambert law (Beer's law) [49] Equation 3.
Equation 4. shows that the absorbance (A) is directly proportional to the concentration (C) and
optical path length (l), while 𝜀 represents the molar absorption coefficient.
𝐴 = −𝑙𝑜𝑔,- 𝑇

(3)

𝐴 = 𝜀𝑙𝐶

(4)

The absorption band for no backfill pressure showed no water absorbance; likewise, 1 ×
10-4 Torr has a close result with a slight absorption peak in the range. When the backfill pressure
increases from 1.5 × 10-4 Torr to 3 × 10-4 Torr, the water related absorption peak of the OH functional
group centered at 2950 nm appears. There was a significant increase in water absorption as the
partial pressure of oxygen increased. According to Beer's law, the linear relationship of absorbance
with the concentration, films with higher absorbance have higher water content. Also, the spectra
from 5000 – 14000 nm have shown similar curves for all films deposited at different pressures;
therefore, these results were negligible for this study.
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Figure 4.3 IR spectra of Al2O3 for different backfill pressures, -OH vibrational mode peak
centered at 2950 nm
The evaporated thin film has a porous structure sensitive to humidity and moisture. When
a coated sample is exposed to ambient air, water vapors might be absorbed in the micropores of the
film. Therefore, to study the cooperation of water or moisture content of the films and the possibility
of aging effect, the IR spectra were collected for days and weeks. The aged effect after a certain
period showed the absorbed water remained stable, and there was no spectral shift noticed, as shown
in Figure 4.4. Therefore, water absorption was expected to result from the film's immediate exposure
from the vacuum chamber to the ambient air.
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Figure 4.4 IR spectra of Al2O3 as a function of aging time at a backfill pressure (a) 0× 10-4
Torr, (b) 1× 10-4 Torr, (c) 2× 10-4 Torr, and (d) 3× 10-4 Torr
It is confirmed that the films have a moisture content that was absorbed in micropores of
film. The absorbed water also affects the optical properties by increasing the refractive index with
a certain level than the films with porous microstructure. This could be derived from the film pores
filled with air have less refractive index than filled with water because the refractive index difference
for air is 1 and for water is 1.33. The refractive index difference for higher pressure (1.5 and 2× 104

Torr) could be involved with absorbed water [25].

4.4 Film absorption
Absorption of Al2O3 films was performed on PCI at 355 nm pump power on UV fused
silica substrate, as shown in Figure 4.5. The UV fused silica has low bulk absorption; therefore, the
contribution from the substrate is negligible. The film deposited at no backfill pressure (0 × 10-4
Torr) has the highest absorption of the films deposited with oxygen partial pressure. The absorption
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of the film decreased by 90% when oxygen was introduced during deposition. Even though the
absorption of films deposited with the pressure of 1 × 10-4 Torr and above indicated no improvement
for further increasing pressure. This result could correlate with the transmission spectra in the UV
region that showed a higher loss for the film deposited at no backfill pressure. Besides, the
absorption of the film might depend on the amount of oxygen introduced during deposition. The
more the film oxidized, the less absorption of film. Non-oxidized components in the film are the
main factors for high absorption. Also, the high optical absorption due to non-oxidized materials
might affect the laser resistance of the film. These materials in the film might absorb laser radiation
that leads to temperature rise and causes stress or surface distortion [50]. These absorbing defects
could be the dominant factor for initiating laser damage [51] that might propagate when the laser
radiation increases and trigger catastrophic damage.

Figure 4.5 Absorption at 355 nm of alumina thin film deposited on UV fused silica for different
backfill pressures

4.5 Laser induced damage threshold
The 351 nm (3 Omega) laser damage resistance was characterized using 3 ns pulsed
duration, and raster scanned over 1cm2 area presented in Figure 4.6. The laser damage threshold of
Al2O3 improved for increasing backfills pressure. The LIDT of the films were introduced as the
highest fluence before any damage was detected on the first site. The film deposited with higher
pressure starting from 1.5 × 10-4 Torr and above has the highest threshold, almost 2-3× higher than
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the films deposited at 0 × 10-4 Torr and 1× 10-4 Torr. Also, the film deposited with 1.5 × 10-4 Torr
has a similar threshold with the film backfill pressure of 2 × 10-4 Torr.

Figure 4.6 LIDT of Al2O3 for different partial pressures
The film's laser-induced damage threshold depends on many factors, such as the coating
process, deposition parameters, and coating material. The oxygen partial pressure is one of the
critical parameters for oxide films. The films used for high laser power technology must fulfill the
quality of spectra with low optical absorption. Since optical absorption is an essential factor, the
high absorption observed at low backfill pressure (0 × 10-4 Torr) shows lower laser damage
resistance. However, the films deposited with oxygen partial pressure starting from 1 × 10-4 Torr
and above had similar absorption results (Figure 4.5) while the increase in laser damage threshold
was observed. The lower the absorption reduces most of the non-oxidized defects that impact the
laser damage resistance of the film. Hence, the laser damage threshold increase could be from the
presence of excess oxygen when the backfill pressure increases.
Furthermore, the laser damage threshold might be influenced with multiple factors. It is
known that when the partial pressure increases the film becomes porous due to shorter mean free
path and the coating material condenses with less energy. The porosity of the film might be the other
reason for improving laser damage resistance significantly.

33

4.6 Chemical composition
The film stoichiometry was analyzed on RBS to measure a 500 nm thick Al2O3 film
deposited on a silicon substrate at different oxygen pressures. Silicon substrate was used due to the
weight being lighter than the target material. The oxygen to aluminum O/Al ratio for Al2O3 films
was measured with 5% accuracy, and the RBS analysis presented as normalized yield versus
impinging energy electrons (MeV), as shown in Figure 4.7.

0×10-4 Torr

3×10-4 Torr

Figure 4.7 RBS analysis on Al2O3 films deposited at 0 × 10-4 Torr and 3 × 10-4 Torr oxygen
partial pressure
The O/Al ratio as the oxygen pressure increases is presented in Figure 4.8. The films
deposited at lower backfill pressure at 0 × 10-4 Torr and 1 × 10-4 Torr illustrate not fully oxidized
alumina with 12-20% lower oxygen content, respectively. However, films deposited at 1.5 × 10-4
Torr and above showed a stoichiometric film.

Figure 4.8 Ratio of O/Al as a function of oxygen partial pressure
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During deposition of Al2O3 films with different oxygen flow was used to adjust the backfill
pressure. The advantage of applying oxygen during deposition corrects the stoichiometry of the film.
Some oxide materials might dissociate fully or partially during evaporation before condensing on
the substrate. The deficiency in oxygen leaves the film with non-oxidized defects; this might suggest
the results seen on laser damage resistance. The films with higher oxygen are fully oxidized with
less oxygen vacancy [16,52] leads the film to have lower absorption. In the meantime, the presence
of water for higher backfill pressure deposited Al2O3 films could increase the availability of oxygen
content.

4.7 Morphologies and Roughness
The surface roughness and topography of Al2O3 films were verified on atomic force
microscopy (AFM) images in Figure 4.9. In general, the films have smooth surface roughness in the
root mean square (RMS) was less than 1 nm, and all the films were characterized with a size of 50
× 50 nm. The film deposited at 0 × 10-4 Torr backfill pressure shows a smooth surface with no visible
grain structure within measurement uncertainty. The films deposited with oxygen demonstrate a
similar grain size structure over the substrate surface with different grain size. Especially, a film
deposited with 1.5 × 10-4 Torr revealed a smaller grain size with denser distribution compared to
films deposited with less and higher oxygen pressure. Whereas backfill pressure 2 × 10-4 Torr
showed a bigger grain size than the rest of films. However, the microroughness and the diverse grain
size of the individual films did not follow a trend as a function of oxygen.
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Figure 4.9 AFM image of Al2O3 films at different backfill pressure (a) 0× 10-4 Torr, (b) 1× 104
Torr, (c) 1.5× 10-4 Torr, (d) 2× 10-4 Torr, and (e) 3× 10-4 Torr
The different backfill pressure used to deposit Al2O3 films, which might affect the travel
time of adatoms by shortening the MFP when they arrive in the substrate. This variation causes
diverse morphology, the growth in nucleation site, and increase in the quantity of small grains
observed with increasing substrate temperature during deposition or annealing [12,51]. However,
the increased substrate temperature or annealing after coating decreases the surface roughness, while
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films deposited with e-beam evaporation at increasing backfill pressure revealed the increase in
surface roughness as per Huang et al. (2006) [53]. In this case, the Al2O3 films were not observed
with any morphological trend when the oxygen partial pressure.

4.8 Density of film
The X-ray reflectivity (XRR) was analyzed on Al2O3 films deposited on Ge substrate. To
lower the measurement uncertainty, the films were characterized in 50 nm thickness. It was known
that Al2O3 film exists in the polymorphous structure; on the contrary, for lower substrate temperature
and e-beam evaporation deposition, the films were confirmed amorphous via XRD (X-ray
diffraction). The XRR data representing films deposited at lower oxygen partial pressure of 1× 10-4
Torr and higher at 3× 10-4 Torr contains pairs of angles and intensity presented in Figure 4.10. Films
deposited at lower pressure 0× 10-4 Torr and 1× 10-4 Torr were perceived to have similar film
properties to films with higher oxygen pressure.

Figure 4.10 XRR data for 1× 10-4 Torr and 3× 10-4 Torr samples showing the general
differences between the low and high oxygen pressure films.
The measured data was used to determine the density by the critical angle, which appears
to be a small shift in lower value within measurement error. The result suggests that the density of
the film was reduced for increased backfill pressure and supports the results found in refractive
index Figure 4.2. Thickness of the film was also measured from periodic intensity oscillation after
the critical angle, which confirmed the thickness of 50.4 ± 1.4 nm for all films. However, all films
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seem to exhibit a passivation layer that measured 5.5 ± 0.2 nm at lower pressure and increased to
7.0 ± 0.3 nm for higher pressure. There was a systematic increase in RMS roughness on the top
surface observed for increasing pressure.

4.9 Summary
E-beam deposited Al2O3 thin films at different oxygen partial pressures were characterized
by the optical and chemical properties. The optical properties of the films showed a decrease in
refractive index for higher back fill pressure assumed to be the reduction of packing density. This
was also observed on XRR analysis. The film absorption at 355 nm improved significantly when
the oxygen pressure involved in the film aligned with the increase in transmission in the UV region.
Furthermore, the films deposited with 1.5 × 10-4 Torr and above showed stoichiometric
concentrations that aligned to the higher laser damage threshold.
The water absorption was a concern for e-beam evaporated films, and also confirmed in
Al2O3 thin films deposited at higher backfill pressure. When the partial pressure increases the
porosity of the film also increases along with the moisture content. However, the films were stable
during the aging time which supports no further water absorption during exposure time. The
topography map from AFM did not show the micropores nor followed a trend on grain size.
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CHAPTER 5
RESIDUAL STRESS RESULTS AND AGING EFFECT
The stress evolution of Al2O3 film deposited at a different partial pressure of oxygen with
200 nm thickness on fused silica substrate was calculated using Stoney's equation (1). The
measurement was performed immediately after deposition, and the aging effect was calculated
subsequently in the course of days and weeks. Measurements were done ex-situ after the films were
growm on the substrate and calculated the curvature deference before and after coating.

5.1 Ex-situ residual stress results
The substrate curvature was measured on Zygo- NexView white light interferometer with
1.4 × objective and the calculated stress as a function of time shown in Figure 5.1. The samples were
initially measured between 2-6 hours after and a couple of times during the deposited day and week.
As the results indicate, the stress at 0 × 10-4 Torr and 1 × 10-4 Torr has higher tensile stress measured
at an average of 368 ± 20 MPa and 390 ± 12 MPa, respectively. When the oxygen pressure increases,
films deposited at 1.5 × 10-4 Torr and 2 × 10-4 Torr exhibited similar tensile stress of 187 ± 13 MPa.
The stress for films deposited with higher pressure dropped 2× than films deposited with lower
pressure. When the pressure increased to 3 × 10-4 Torr, the residual stress further decreased to 113
± 3 MPa, which is more than 3 × lower than the films deposited at 0 × 10-4 Torr and 1 × 10-4 Torr.
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Figure 5.1 The residual stress of Al2O3 as a function of oxygen and time
Also, the film stress was measured continuously for up to 100 days to determine the change
over time when exposed to the room air. When the film starts aging in a couple of days, as shown
from the exponential function fitting curve in Figure 5.1. Films deposited with higher pressure at
1.5 × 10-4 Torr and above decayed faster than films deposited at lower pressure. Films deposited at
0 × 10-4 Torr have shown no change and were constant throughout aging time; meanwhile, 1 × 10-4
Torr initially degraded with a low rate and became stable. As a result, all Al2O3 films become stable
after a particular time. The stress aging for 1.5 × 10-4 Torr and 2 × 10-4 Torr indicated a similar aging
rate, while 3 × 10-4 Torr had a higher decaying rate as expected.
As explained earlier in Chapter 1, the magnitude of the residual stress is the combination
of intrinsic stress formed during the microstructural growth of the film; thermal stress occurs when
the thermal expansion of film to substrate is mismatched. The last one is extrinsic stress which is
built up when the film is exposed to an external load or volume transformation of crystalline
formation. Since the films were confirmed to have an amorphous structure, the stress due to
crystallinity is negligible. Extrinsic stress may refer to water absorption-induced due to the absorbed
water in pores and voids of the film.
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5.2 Intrinsic stress
Film growth is highly dominated by the deposition parameters such as deposition rate,
oxygen partial pressure, and substrate temperature. Overall, it leads to one thing, which is the kinetic
energy of the condensing material or film that modifies the energy to grow the microstructure and
change the film density. Intrinsic stress is independent of a parameter that does not modify energy,
such as film thickness and substrate type [25,54]. According to Proost and Spaepen (2002), the film
deposited with e-beam evaporation at different substrate temperatures in-situ stress measurement
demonstrated tensile stress and decreases for increasing substrate temperature [54]. Even though
their film grew without oxygen during deposition, the tensile stress was developed instantly. In our
case, the film deposited with no backfill pressure has denser film than the others and also showed
tensile stress. However, in their conclusion, the decrease in tensile stress was not correlated with
microstructure. Parfitt et al. (1995) observed that Al2O3 film grows with evaporation deposition with
no ion bombardment and has tensile stress [19]. Therefore, Al2O3 film deposited with e-beam
evaporation initially exhibits tensile stress.

5.3 Thermal stress
The thermal stress was calculated according to equation (2) in Chapter 1, which uses the
mechanical properties of Young's modulus, Poisson's ratio of the film, and the coefficient of thermal
expansion for both film and substrate. These properties vary depending on the deposition technique
and substrate temperature. The thermal stress was calculated from the parameters found in studies,
for the substrate from Oliver et al. (2012) thermal expansion coefficient of fused silica at 200 ºC
(𝛼" = 0.57 × 10-6 /K) [14]. As well as the Al2O3 film properties deposited with e-beam evaporation
with the closest value was found from Proost and Spaepen (2002), the biaxial modulus (𝑌% = 207
GPa) and the thermal expansion (𝛼% = 5 × 10-6 /K) [54]. Since the thermal expansion coefficient of
the substrate is less than the films, the sign for thermal stress is tensile. The magnitude of thermal
stress calculated with the temperature change (∆𝑇 = 200℃ − 20℃) was measured around 165 MPa
tensile with the measurement uncertainties on the film's mechanical properties and without
considering the properties change due to backfill pressure.
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5.4 Water induced stress
As detailed in the previous chapter, the increase in backfill pressure produces porous
microstructure that degrades the film density and absorb water in pores when exposed to ambient
air. The stress shift to less tensile or compressive pressure for increasing oxygen pressure is ideally
aligned to the absorption of water observed in higher pressure films. This experimental result
supports the magnitude of the stress during the ex-situ measurement induced by absorbed water
when a film is exposed from vacuum to air. Leplan et al. (1995) also verified that the evaporated
films exhibit water-induced stress, increased compressive stress caused by film changeover from
vacuum to air [25]. Hirsch's model [55] demonstrates the water molecules adsorbed on the walls of
pores created repulsion of the permanent electric dipole moment that generates compressive nature
of stress [25,27,55]. Also, the electrostatic interaction force has shown an inverse relation with pore
size. Therefore, a little water-induced stress will be found in films with coarser porosity, while more
refined pores are predicted to have higher stress [25,55].
The natural compressive stress derived by adsorbed water was the effect of immediate film
exposure to air which is reversible stress [55]. Meanwhile, the room exposure time increases, the
stress becomes irreversible when attributed to the chemical reaction with the water molecule. This
irreversible stress was observed in silica (SiO2) films studied by Leplan et al. (1996), which showed
the increase in water content and the spectral shift longer during the aging time [33]. In this cause,
Al2O3 film in any oxygen partial pressure showed steadiness throughout the aging time. The
experiment result might suggest that the stress is reversible.

5.5 Preliminary results
The increase in backfill pressure introduces the film's porosity that decreases the film's
mechanical stability while improving the laser damage resistance [14]. When the film grows with
pores rich area with less density exhibits tensile stress due to attractive force while the film becomes
denser, and the compacted molecules create a repulsive force that leads to compressive stress. Al2O3
film with increasing backfill pressure showed less dense film even though the stress was derived to
be more compressive which was assumed to be the repulsive force from the water molecules. To
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observe the difference, water absorption was further investigated by annealing the samples and
measuring the stress before and after the process.
Annealing is used as a post-treatment to enhance the LIDT in most cases or, in general,
changes the film's property. The existence of water is confirmed in the previous chapter, and the
results also suggested the reduction in tensile stress is predicted to be water-induced stress. All
samples were annealed at 300 ºC temperature for 4 hours after the aging effect was determined to
ensure the hypothesis. The stress result was calculated and presented before and after annealing in
Figure 5.2.
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Figure 5.2 Stress values before and after annealing at 300 ºC
The results indicate that films deposited at lower oxygen pressure at 0 × 10-4 Torr had
similar results, and 1 × 10-4 Torr had a slight rise in magnitude after annealing. At the same time,
films deposited at higher pressure become high in tensile stress that has similar values to the films
deposited at low pressure. Proost and Spaepen (2002) also confirmed the film deposited with no
oxygen added during deposition showed no change in stress after annealing [54]. The results of
stress steadiness found in lower backfill pressure and the increase in higher pressure prove the stress
reduction was due to water absorption.

43

Additionally, the initial stress aging effect results suggested that the water absorption
instantly happened when the films were exposed from vacuum to air. However, the IR spectra were
measured to confirm the removal of absorbed water, as shown in Figure 5.3.

Figure 5.3 IR spectra measured to check the water absorption in the film a) before annealing
and b) after annealing for increasing oxygen partial pressure.
The IR spectra measurement demonstrates the water absorption peak centered at 2900 nm
has disappeared for films deposited at higher pressure (1.5 - 3 × 10-4 Torr) after annealing. This
explains the removal of the absorbed water, and the increase in tensile stress strongly supports that
the initial stress was induced by water adsorption. Similarly, R.Thielsch et al. (2002) removed the
absorbed water in e-beam evaporated Al2O3 film by heating the sample to 300 ºC and found the
reduction in water-induced stress [13]. The other observation was after the sample was annealed and
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measured for IR spectra after a few days and showed the water vapor not reabsorbed when exposed
to air. This directs to some mechanical and structural change during annealing that affects the
porosity of the film.
As mentioned, annealing was used to further enhance the LIDT of coating [51] samples
deposited at 2 × 10-4 Torr was annealed with the same temperature and measured the laser resistance
at 355 nm. The raster scanning LIDT measurement of annealed sample had comparable results as
before annealed (4 J/cm2). Based on Tu et al. (2015), studies on monolayer Al2O3 film annealing
properties have shown no change on the LIDT. However, annealing contributes to an increase in the
refractive index when the film becomes more compact but annealing the samples with involvement
of oxygen air initiates the increase in oxidation degree of the film that increases the LIDT [51]. Also,
Yao et al. (2007) agrees that annealing may improve the LIDT because of a better stoichiometry and
a reduction of absorption defects [52]. Therefore, the film deposited at 2 × 10-4 Torr was found
stoichiometric with less absorption, which is not surprising that the LIDT was unchanged after
annealing.

5.6 Summary
The stress of Al2O3 film as the oxygen partial pressure increases, higher pressure deposited
films have shown 2-3× lower in tensile stress than the films deposited at lower backfill pressure.
This stress originated from the contribution of three different types, but external load or water
induced in particular has made a significant difference between the films. Water induced stress is
common in evaporated films, as the content increases the magnitude of the stress and increases in
compressive stress while decreasing the tensile stress. In addition, the stress was confirmed to be
water induced by post treating the sample with heat. Applying heat indeed removed the water found
in higher pressure deposited films and increased the stress in tensile also verified with IR spectra.
However, the LIDT seems not affected by annealing.
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CHAPTER 6
CONCLUSION, APPLICATION, AND FUTURE WORK
6.1 Conclusions
This work has investigated the optical, mechanical, and chemical properties of Al2O3 thin
film deposited with e-beam evaporation at different oxygen partial pressures. Evaporated Al2O3
thin film grown at low deposition temperature has shown an amorphous structure. The increase in
backfill pressure decreases the mean free path of the deposited material, leadings to porous and less
dense films in higher backfill pressure deposited films. This has affected the optical properties in
the refractive index when the oxygen partial pressure increases. The decreasing trend in refractive
index was observed on the first four consecutive deposition runs (0, 1 ,2 ,3 × 10-4 Torr) while 1.5 ×
10-4 Torr, which was grown later, had a lower index than 2 × 10-4 Torr. This trend is also confirmed
by re-growing film at 1.5 × 10-4 Torr oxygen pressure.
The increase in oxygen partial pressure improved the stoichiometry of the film, which
showed Al2O3 material was partially dissociated during the deposition process. However, films
deposited with low oxygen flow at 0-1 × 10-4 Torr have indicated not fully oxidized film. The higher
oxygen deficiency impacted the transmission in the UV region and especially had a significantly
high film absorption at 355 nm. This study also demonstrated the improvement in the 351 nm laser
induced damage threshold, when the film is fully oxidized, which is achieved by higher oxygen
pressure deposition. Also, the residual stress shifted to less tensile or more neutral due to the
absorbed water creating a repulsive force that derived the stress to naturally compressive. In
addition, the e-beam evaporated films are sensitive to humidity, which leads to our finding that the
films absorb water vapors when exposed to air instantly. The magnitude of the stress associated with
moisture increased in compressive with the increase in water content.
In general, the less tensile and relatively high laser induced damage threshold was achieved
by increasing the partial pressure of oxygen. The LIDT was assumed to be highly dependent on the
oxidation degree of the film; meanwhile, less tensile stress was induced by adsorbed water. The
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annealing process also confirmed that the absorbed water was removed, and the film stress was back
to highly tensile.

6.2 Practical application
Al2O3 thin film has shown potential on 351 nm laser induced damage resistance and is used
as a substitute for high refractive index with silica (SiO2) in multilayer mirror coatings for NIF
transport mirrors. Based on C. Stolz et al. (2021), the results showed that the previous design used
for transport mirrors (LM8) made from HfO2 and SiO2 was closer to 2 J/cm2 LIDT at 351 nm at 18º
incident angle and polarized. The current design, by accounting for the findings from Al2O3 thin
film with oxygen partial pressure, the mirror stack made of Al2O3 and SiO2 improved the LIDT 4 x
higher (8 J/cm2) at the same incident angle and polarization [56].

6.3 Future work
This study has shown essential findings and has the potential to investigate further
evaporated Al2O3 thin film monolayer or bilayer combining with other oxide materials like SiO2.
The proposed future works are analyzing the structure and morphology for better understanding
alumina film growth. This work presented a preliminary result by annealing the samples which can
be extended studied.
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